Abstract-A new micro-optical vibration sensor has been achieved by combining "integrated optics" and "micromachining" on silicon technologies. The high sensitivity and the wide frequency range have been obtained by using a multimode section in the optical detection circuit. Three prototypes have been installed successfully in an industrial hydroelectric power plant.
I. INTRODUCTION
T HE reliability of rotating machines such as electrical generators is critical to the overall reliability and operation of an electrical power plant. A supervision is necessary to avoid costly maintenance [1] . However, due to the harsh environment (high electromagnetic fields and high temperature), existing sensors based on piezoelectric or capacitive working principles are not satisfactory. The optical read-out is very interesting in particular because of its insensitivity to electromagnetic (EM) fields.
The state of the art of optical sensors for vibration monitoring or acceleration measurements is constituted of intensity modulation sensors, polarimetric sensors and interferometric sensors. They are generally made of optical fibers [2] or optical fibers combined with silicon microstructures [3] , [4] or sometimes fully integrated optomechanical microstructures [5] - [7] . The use of micromachined resonant microstructures even with external optical interrogation is very interesting because of the requirement for wide frequency range. But requirement for reliability and low cost pleads for fully monolithically integrated optomechanical sensors. The announced performances for such sensors [5] - [7] show the difficulty to obtain high sensitivity and large frequency range. Moreover these sensors are not always well suited to optical fibers and they have never been tested in a harsh industrial environment.
Starting from these considerations, we have developed an optomechanical vibration microsensor fully integrated on silicon. A micromachined silica microstructure and a specific optical read-out have been developed to satisfy the requirements for high sensitivity, wide frequency range and insensitivity to Manuscript received October 7, 1998 . This work was supported in part by the European Economic Community in the frame of the Brite-Euram Project 7289.
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Publisher Item Identifier S 0733-8724(99)00514-9. the harsh environment (high electromagnetic fields and high temperature).
II. SENSOR DESCRIPTION
The device is constituted of three elements: the passive optomechanical transducer head, the electronic unit deported far from the electromagnetic fields, and the optical fibers link (Fig. 1) .
The transducer head ( Fig. 2 ) is made of a mechanical structure and an intensity modulation optical circuit both integrated on the silicon substrate.
The mechanical structure is constituted of a cantilever beam with a butterfly-like seismic mass that moves under acceleration. The optical circuit is constituted of a moving input wave guide, a multimode interference coupler and two output wave guides detects the mechanical displacement. The difference of intensity between the two output wave guides is proportional to the acceleration in a wide range of amplitude.
III. TRANSDUCER HEAD MODELIZATION
The transducer head has been calculated and optimized to ensure performances in agreement with the specifications required by the application: amplitude linearity 1% (range: 0. 30 to 450 Hz), tranverse sensitivity (defined on Fig. 2 ) 5%, working temperature: 100 C. First, the waveguide structure has been designed to be singlemode at 780 nm. The optomechanical parameters of the waveguide are shown on Fig. 3 .
Then the mechanical structure parameters have been fixed following the requirements on the frequency response. The beam width has been set to 10 m to avoid optical losses due to the proximity of silica-air interfaces. The beam thickness is 15 m to reduce displacements along the axis perpendicular to the wafer (transverse sensitivity). The beam length and the seismic mass are, respectively, 600 m and 2.5 g in order to ensure a high-frequency linearity. Indeed, to use the linear part of the displacement response where acceleration and displacement are proportional, the resonance frequency must be higher than the upper operating range limit. For reaching a linearity below 5% within the range [30-450 Hz], it must be higher than 1.5 KHz. It has been set to 4 kHz.
The mechanical sensitivity being fixed by the requirements on the frequency response, the optical circuit should be able to . This high sensitivity has been reached by using a MMI (multimode interference) coupler in the optical detection path. It has been optimized using the BPM (beam propagation method) in order to improve the sensitivity and also to give a linear response of the differential output signal for a range of displacement between 1.3 m and 1.3 m. Consequently, the MMI coupler is 15 m large and 850 m long. The corresponding theoretical response is presented on Fig. 4 .
A low transverse sensitivity ( 5%) can be obtained thanks to the optical detection circuit (MMI differential detection between the two output waveguides). The explanation is the following: the difference of intensity caused by a mechanical displacement along the sensitive axis is amplified by the MMI structure whereas a displacement along the transverse axis only produces additional losses but does not affect the difference of intensity between the two output waveguides.
IV. FABRICATION OF THE TRANSDUCER HEADS
The optical path and the seismic mass are made of the same material: silica. Three silica layers with different phosphorus doping levels are used to define the wave guide structure (Fig. 3) .
The main steps required for the device fabrication are presented on Fig. 5 .
The first step is the optical path fabrication. It is performed using LETI's usual PECVD and reactive ion etching technology [8] .
The second step is the mechanical structure fabrication. This step is divided in two parts: RIE an isotropic etching of the three silica layers (about 15 m thick) and isotropic etching of silicon using an isotropic microwave reactive ion etching. The gas used are, respectively, CHF3 and SF6. This step makes the mechanical structure to be free standing, liberated from the substrate [9] . Also, grooves for sturdy fiber connections are etched in front of input and output wave guides [10] .
A SEM photograph of the sensitive part is presented on Fig. 6 . The butterfly-like aspect of the seismic mass comes from the fact that the process used to free the mechanical structure (isotropic etching of silicon) does not allow to free structures like membranes.
V. EXPERIMENTAL RESULTS
Three fabricated devices have been packaged and connected to 25-m long single-mode fibers. Three electronic units have been built in order to get the signal / . The measured resonance frequency is 4 kHz.
The experimental amplitude range lays between 1-600 ms 2 with a linearity better than 1% (Fig. 7) . The resolution is 0.5 ms 2 . The frequency range is from 30 to 2000 Hz with a linearity better than 5% (Fig. 8) .
The measurement of the transverse sensitivity requires to be very careful with the vibration setup and the mechanical support. By using a specific mechanical holder undesirable resonance frequencies have been eliminated and tests of transverse sensitivity have been carried out. Fig. 9 shows the sensor response (in "%" of the voltage corresponding to the sensitive direction) versus the set angle of exitation. By looking at this graph, we can identify the sensitive direction (angle: 50-230 ) and the transverse direction (angle: 140-320 ). The measured transverse sensitivity is below 5% and we have shown the same behavior through the frequency range.
An improvement of the gluing configuration (fiber-circuit connections) has allowed to use the sensors in a high temperature environment (up to 120 C). The quality of the gluing configuration depends not only on the glue chosen (UV glue) but also on the geometry of the U-grooves and on additional heat treatments. Three prototypes had been installed in a Spanish hydroelectric power plant two years ago. They are still working properly thanks to the improved gluing configuration.
VI. CONCLUSION
Fully integrated optical vibrometer has been successfully developed in order to allow the monitoring of rotating machine in harsh electromagnetic environments. Three prototypes have been installed successfully in a Spanish hydroelectric power plant and they have been working properly for more than nine months. Both the advantages of micromachined silica structures combined with integrated optical circuits on silicon and read-out by means of optical fibers are essential in this application. Already many potential similar applications can be considered such as pressure sensor, microphone, , for applications to electrical power, nuclear or chemical plants.
